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The question of why a human eye that is optically already in best focus at the age of 5 yr (with the focal plane with relaxed accommodation exactly matching the photoreceptor plane) can later start growing too long is one of the unsolved mysteries of myopia. Only a few medical topics have created more controversy, and the question of whether the additional axial elongation of the eye is initiated by visual experience (like extended reading) or whether it is genetically predetermined has been debated at length. Rather than providing an exhaustive overview of the history and the different theories of myopia development, the goal of the present collection of papers on mechanisms of visual control of eye growth is to provide a snap-shot-like view of what is being studied currently in different laboratories. For more extensive descriptions of the literature the reader is referred to three recent books (Curtin, 1985; Grosvenor & Flom, 1990; Bock & Widdows, 1990) .
Myopia was already recognized by the ancient Greeks. In recent decades, its prevalence in the industrial nations has increased and ranges from 20% to 80% in the U.S. and Europe, to up to 90% in the Far Eastern countries, depending on the age group and the professional population considered. The common treatment is neutralization by spectacle lenses or, more recently, refractive surgery; although visual acuity is restored in most cases, optical correction remains somehow unsatisfactory because the progression cannot be controlled and the reasons for the development of refractive error are not known. Therefore, a controlled analysis of the relationship of genetics, visual experience and eye growth is desirable. The major input for the rapid expansion of a new research area came from the availability of animal models which make it possible to study the mechanisms responsible for the fine-tuning of focal length to axial length in a growing eye under defined conditions. Animal studies on myopia were initiated mainly by the classical experiments on monkeys by Wiesel and Raviola (1977) who found that a degraded retinal image can produce exaggerated axial eye elongation ("deprivation myopia" or "form-deprivation myopia"). Animal models have already provided new insights and unexpected results which would never have been found in purely human studies in which defined manipulations of visual experience are precluded. Whether the identical mechanisms also produce the appropriate axial eye growth rates in humans requires careful analysis, as outlined in the article in this issue by Zadnik and Mutti (pp. 1283-1288) . These authors point out that deprivation myopia is commonly induced in animal models at a time of life which is not comparable to the time when school myopia develops in children and that there is not a comparable amount of deprivation in children to explain the myopization. Therefore, school myopia may not be a deprivation type of myopia. Verification of their hypothesis requires showing that the time constants are related to the overall eye growth rates and that the amount of deprivation that could possibly occur, for instance due to insufficient accommodation, is quantifiable. At least, animal experiments provide a good idea of what mechanisms have evolved for the optical fine-tuning of the vertebrate eye, and it is probable that at least some of them are common to all species. Mammalian models of myopia, such as tree shrews and monkeys, have the advantage over avian models of a closer evolutionary relationship to humans. Tree shrews incorporate some of the advantages of chickens in that they are comparatively easy to breed and they develop rapidly. They were introduced as a model for myopia by Sherman, Norton and Casagrande (1977) . Visuallyinduced changes in eye growth are smaller than in chickens and continuous treatment with defocusing lenses or eye occluders is technically more difficult but has been successfully done. The major obstacles in doing the experiments on monkeys are the long time constants and the high costs in money, space and personnel. There are many results from chickens that have not yet been obtained in monkeys but are essential for the understanding of human myopia; it is very desirable for the work on monkeys to be expanded in the future.
Although not closely related to humans, the chicken is currently the most frequently studied animal model. Aside from its easy availability, advantages are rapid eye growth and good optical quality which result in extreme sensitivity to moderate modifications of visual experience. The chick can develop up to 20 D of axial myopia in a week and can compensate imposed defocus of 4 D in 3 days. The chicken model was introduced by Wallman, Trachtman and Turkel (1978) . It is now also a major target of pharmacological studies in which it is attempted to modify visual eye growth control by drugs. Studies of this kind were initiated by Stone, Lin, Laties and Iuvone (1989) ; neurotoxins or transmitter analogues have since been tested by a number of other laboratories. It appears promising that at least one type of myopia (induced by 1136 GUEST EDITORIAL depriving the eye of high contrast and high spatial frequencies--"deprivation myopia") can be altered pharmacologically without detectable loss of visual function. However, the more experiments are done, the less likely it appears that the mechanisms responsible for deprivation myopia are identical to the one(s) that mediate compensation of imposed defocus. In fact, currently it seems that at least three visually-triggered mechanisms in the eye can alter the relative position of the retina and, thereby, refraction. These are (1) deprivationinduced, "local" scleral growth; (2) positive defocusinduced, "local" choroidal thickening; and (3) negative defocus-induced, probably "global" scleral growth. Strikingly, they are all differently sensitive to drugs that affect deprivation myopia. It must be kept in mind that the chicken also has a number of special features that make its results more difficult to apply to mammals. Refractive development is surprising!y sensitive to changes in diurnal light cycles; it is not known whether this is a bird-specific feature. The same is true for the recently discovered active compensation of refractive error by changes in choroidal thickness. The pharmacology and morphology ofpupillary and accommodation responses are also different in chicks and mammals. Fortunately, there are also similarities with regard to the roles of transmitters and neuropeptides, such as dopamine and vasoactive intestinal polypeptide in visual control of axial eye growth. But it is clear that the experiments on chickens must be extended to mammalian models before the results can be applied to humans.
In our view, to date the most important results from animal experiments are:
(1) Eye growth is, in part, visually controlled by a mechanism that depends upon analysis of the retinal image locally without the necessity of communication to the brain; the underlying mechanism is triggered mainly by retinal image degradation (loss of both contrast and high spatial frequencies). (2) The role of accommodation is not as clear as previously assumed; although there is evidence that accommodation is a factor in the development of myopia, the method of action and its relative importance are still unclear. (3) The growing eye of the chicken, and probably also the tree shrew, can compensate for imposed refractive error by re-adjusting axial eye growth rates. In chicks, it was found that positive defocus is initially compensated by an increase in the thickness of the choroid, and there is evidence that the underlying mechanism for this is also local. (4) Some biochemical changes in the retina were found that are related to either the altered visual input or to the induced growth changes. The possibility exists that the "gains" of the visually-triggered feedback loops for eye growth control can be pharmacologically altered so that the development of myopia can be suppressed.
Despite the inherent differences between the different animal models, we will discuss the papers of this special issue without assigning every paper to a particular animal model.
It is very tempting to consider refractive errors mainly as a result of local eye growth control. In fact, many attempts to demonstrate a direct involvement of accommodation in refractive development have failed. McBrien, Mogghaddam, Cottriall, Leech and CorneU (pp. 1141-1152) show that ganglion cell blockade by tetrodotoxin in chickens does not affect the recovery from deprivation myopia which occurs as a result of choroidal thickness changes. This result is in line with earlier descriptions of Wildsoet and Wallman (1992) that optic nerve section does not block the growth changes which occur to compensate for imposed positive defocus, and with the finding of Troilo and Wallman (1991) that recovery from deprivation myopia can still occur after optic nerve section. The results show clearly that emmetropization can occur in the chicken without involvement of the brain. The authors also argue that the reduction of vitreous chamber depth in chickens after optic nerve section (which was found previously by other authors) is, in fact, not an indication for an involvement of a brain-mediated mechanism, because ganglion cell death per se can impair axial eye growth. An advantage of a local mechanism is that the focal plane can be matched to the photoreceptor plane all over the visual field which is worthwhile if the respective animal has good peripheral visual acuity. It has been shown that pigeons and chickens display a so-called "lower field myopia" to adjust refraction to the distance of the ground plane. Murphy, Howland and Howland (pp. 1153-1155) show that this kind of myopia is lacking in raptors with foveal vision and with little need to peck for grain on the ground.
On the other hand, some results are difficult to explain without involvement of the brain. For example Kiorpes and Wallman (pp. 1289-1297) have found in monkeys that amblyopia causes hyperopia in the amblyopic eye. There is even a significant correlation between the degree of amblyopia and the amount of hyperopia, irrespective of how the amblyopia was induced. The authors concur with a recent hypothesis by Almeder et al. (1990) that adult anisometropia in humans may be a result rather than a cause of amblyopia. The observation clearly shows that some central pathway must also be involved in the control of axial eye growth even though its nature remains unknown.
Evidence that school myopia is not a deprivation-type of myopia (which is based on a local mechanism, see above) is also provided by Gwiazda, Bauer, Thorn and Held. These authors have studied the relationship between blur-driven accommodation and myopia in school-aged children. They found that recently myopic children accommodate less than normal during, but not before, the development of myopia. The result is very intriguing since it excludes the possibility that the blur experienced during reduced accommodation produces a deprivation-type of myopia and suggests that reduced accommodation is not a risk factor for myopia as previously thought. Rather, some accommodative feed-back loop parameters become disorganized as a consequence of the development of myopia, and the level of tonic accommodation shifts to the near. Accommodation becomes normal again as soon as the progression of myopia ceases. Although reduced accommodation does not seem to be the ultimate reason for the development of myopia, there may be mutual interactions and the authors propose that one should attempt to recover precise accommodation to stop myopia progression. Results of this kind are available only from humans; comparable animal experiments are lacking. Myopia also seems to entail a general drop in retinal image quality. Collins, Wildsoet and Atchison have found that the eyes of myopic subjects demonstrate an increase in fourth-order aberrations as compared to those of emmetropic controls. It is not clear which optical component in the eye is responsible for the increase of monochromatic aberrations, but it is striking that there are optical changes other than spherical defocus.
Even though both animal and human studies suggest that the amount of accommodation has an effect on refractive development or may even be a cause of myopia, it is not clear how this could produce myopia in some but not all individuals. It has been speculated that individuals with low tonic accommodation and weak sympathetic innervation are at risk to develop late-onset myopia. Gilmartin and Winfield have studied the effects of experimentally-induced topical fl-adrenoceptor antagonists on accommodation in emmetropia and myopia. They found that, even though there was high variability in the hysteresis pattern of accommodation, there was no correlation between refraction group and extent of sympathetic innervation of the ciliary muscle. Therefore, the simple assumption that the innervation pattern of the ciliary muscle determines the individual susceptibility for myopia must be dropped.
That emmetropization (directed changes in growth of the eye to reduce refractive error) takes place in human infants is demonstrated in a novel way by Ehrlich, Atkinson, Braddick, Bobier and Durden (pp. 1313-1324). These investigators showed that refractions in myopic infants change towards emmetropia, while the refractions of a control group of mild hyperopes stay constant. That emmetropization occurs in human infants is also demonstrated by the study of Saunders, Woodhouse and Westall (pp. 1325-1328). These authors have found that the infant eye normally grows so as to reduce hyperopia and astigmatism. A therapeutic consequence of their study is that correction of moderate hyperopia and astigmatism should not occur before the end of the second year of life in order to permit the emmetropizing mechanisms to operate. If these mechanisms fail (as sometimes happens), correction finally becomes necessary. For emmetropization to take place, retinal function must be normal: Lue, Hansen, Reisner, Findl, Petersen and Fulton (pp. 1329-1335) have shown that 44% of children with mild retinopathy of prematurity whom they studied, exhibited abnormal emmetropization, mostly going towards myopia. Moreover, the corrected visual acuity of these children was significantly worse than of those with retinopathy of prematurity who had normal emmetropization.
It is very intriguing how an eye can determine the amount of astigmatism and correct corneal growth accordingly. Irving, Callender and Sivak (pp. 1165-1174) have found that the chick eye can indeed compensate imposed astigmatism by selectively changing optical power along different corneal meridians. It remains unclear how the necessary signals reach the cornea; the flux of information of the local mechanism from the retina to the sclera is insufficient. Irving et al. have also found that optimal compensation of imposed refractive errors in chickens requires a visual field of view of about 40 deg and that the compensation declines with smaller field sizes. They propose that lens-induced refractive errors may be based on different mechanisms than deprivation myopia. They also present evidence that myopia induced by imposed negative defocus is more stable to interrupted lens wear than hyperopia induced by imposed amblyopia causes hyperopia in the amblyopic eye. There is even a significant correlation between the degree of amblyopia and the amount of hyperopia, irrespective of how the amblyopia was induced. The authors concur with a recent hypothesis by Almeder, Peck and Howland (1990) that adult anisometropia in humans may be a result rather than a cause ofamblyopia. The observation clearly shows that some central pathway must also be involved in the control of axial eye growth even though its nature remains unknown.
Evidence that school myopia is not a deprivation type of myopia (which is based on a local mechanism, see above) is also provided by Gwiazda, Bauer, Thorn and Held (pp. 1299-1304) . These authors have studied the relationship between blur-driven accommodation and myopia in school-aged children. They found that recently myopic children accommodate less than normal during, but not before, the development of myopia. The result is very intriguing since it excludes the possibility that the blur experienced during reduced accommodation produces a deprivation type of myopia and suggests that reduced accommodation is not a risk factor for myopia as previously thought. Rather, some accommodative feed-back loop parameters become disorganized as a consequence of the development of myopia, and the level of tonic accommodation shifts to the near. Accommodation becomes normal again as soon as the progression of myopia ceases. Although reduced accommodation does not seem to be the ultimate reason for the development of myopia, there may be mutual interactions and the authors propose that one should attempt to recover precise accommodation to stop myopia progression. Results of this kind are available only from humans; comparable animal experiments are lacking. Myopia also seems to entail a general drop in retinal image quality. Collins, Wildsoet and Atchison (pp. 1157-1163) have found that the eyes of myopic subjects demonstrate an increase in fourth-order aberrations as compared to those of emmetropic controls. It is not clear which optical component in the eye is responsible for the increase of monochromatic aberrations, but it is striking that there are optical changes other than spherical defocus.
Even though both animal and human studies suggest that the amount of accommodation has an effect on refractive development or may even be a cause of myopia, it is not clear how this could produce myopia in some but not all individuals. It has been speculated that individuals with low tonic accommodation and weak sympathetic innervation are at risk to develop late-onset myopia. Gilmartin and Winfield (pp. 1305-1312) have studied the effects of positive defocus. The latter result is consistent with the conclusions of Wildsoet and Wallman (pp. 1175-1194) , who show that initially positive defocus produces rapid choroidal thickening whereas negative defocus produces scleral eye growth in chicks. Their most exciting result is that axial elongation produced by negative defocus requires an intact optic nerve and is also blocked by tetrodotoxin application whereas, as described earlier by Troilo and Wallman (1991) and by McBrien et al. (see above), deprivation-induced axial elongation still occurs if the optic nerve is cut. The striking difference between the two types of axial elongation is that one type requires a connection to the brain and the other does not. Certainly, the result suggests the involvement of a brain-mediated mechanism in the development of myopia induced by negative lenses. The authors point out that it cannot be concluded that humans become myopic from near work as long as the exposure to negative defocus cannot be quantified (both in time and amount). The authors state that if, for instance, 1 hr of daily distant vision with relaxed accommodation were sufficient to suppress the development of myopia in humans, concerns about negative lenses augmenting myopia would be relieved. Napper, Brennan, Barrington, Squires, Vessey and Vingrys (pp. 1337-1344) have studied the critical duration of normal visual exposure to prevent deprivation myopia in chicks. They find that 30 min of normal vision reduces deprivation myopia to 50% and 130 min to 5%, confirming that the growth promoting effect of a degraded retinal image can be reversed surprisingly fast.
It is surprising that refractive development in chickens is very sensitive to both changes in diurnal light cycles and differences in strain of animal. One would expect that a sensitive process like the fine-tuning of the optical components in the eye is more resistent to disturbances of diurnal light cycles; however, since such light cycles do not occur under normal conditions, there may not have been any evolutionary pressure to compensate for it. One can, therefore, take this unusual condition to learn more about emmetropization. Both Stone, Lin, Desai and Capehart (pp. 1195-1202) and Li, Troilo, Glasser and Howland (pp. 1203-1209) show that chickens kept under constant light develop severe corneal flattening and hyperopia. Stone et al. also show that the result is not restricted to one chicken strain, and that deprivation myopia is very different both in different strains and under different light cycles. The influence of strain differences in development of deprivation myopia has also been studied by Troilo, Li, Glasser and Howland (pp. 1211-1216). The severity of differences in the amount of deprivation myopia demonstrates that genetic factors determine the gain of the feedback loop translating a degraded retinal image to axial eye growth. Inter-strain comparisons are therefore very difficult if quantitative aspects are important. For instance, a drug that suppresses deprivation myopia entirely in one strain, may be much less efficient at the same dose in another strain. The result certainly does not facilitate comparison of pharmacological studies. However the prominent strain differences raise the hope that genes determining myopia can be isolated by selective breeding.
The mechanisms by which enhanced axial eye elongation is initiated are studied at two levels: the input level (which biochemical changes can be produced by changes in visual experience?) and the output level (how are the growth changes produced?). At the input level, Liang, Crewther, Crewther and Barila (pp. 1217-1225) have studied the histology of the photoreceptors during development of deprivation myopia. Since they found that mainly the rod outer segments continue to elongate during deprivation, they propose that the outer segments exert a direct mechanical pressure on the retinal pigment epithelium and the choroid, thereby causing choroidal vessel occlusion and thinning of the choroid. It is known that regular disk shedding of the rod outer segments requires normal diurnal light cycles; since deprivation myopia is linked to diurnal rhythms in the eye, it may well be that their disturbance also produces problems with normal disk shedding. The mechanical model is unique and has not been proposed before; it is well known, however, that choroidal blood flow is changed during the development of deprivation myopia. Reiner, Shih and Fitzgerald (pp. 1227-1245) have shown that changes in choroidal blood flow do not cause myopia but rather are a consequence of it. Their work indicates that neither changes in choroidal blood flow nor accommodation play significant roles in the development of deprivation myopia. Both defocus-induced and deprivation-induced growth changes implicate effects on the diurnal growth rhythms of the whole eye or choroid or both. Schaeffel, Bartmann, Hagel and Zrenner (pp. 1247-1264) have studied the role of the retinal dopamine/melatonin system since it represents the major diurnal oscillator in the eye. Drugs that affect dopamine or serotonin levels in the retina were found to be efficient in modifying deprivation myopia and, in the case of reserpine (which depletes both dopamine and serotonin), also the growth effects induced by negative lenses were blocked at low doses. It is not probable that reserpine has a general growth-inhibiting effect since reserpine-injected eyes with normal experience grew similar to uninjected eyes. On the basis of their own data and data presented in this issue they propose a working scheme for emmetropization in the chicken with three mechanisms. Pickett Seltner and Stell (pp. 1265-1270) have studied the role of vasoactiveintestinal polypeptide (VIP) in the development of deprivation myopia in the chicken. An increase in VIP immunoreactivity was previously found during deprivation myopia in monkeys. Pickett Seltner and Stell did not find any changes in immunoreactivity; possibly because of the low resolution of the immunolabelling technique. However, they found that two VIP antagonists were highly efficient in suppressing deprivation myopia while direct application of porcine VIP had little effect and a synthetic agonist had none. Taken together, the results strongly argue for involvement of VIP in the regulation of eye growth, and the authors conclude that a variety of intercellular messengers may interact in different neural subsystems to achieve visual control of axial eye growth. It is clear that there is still a lot to learn about the mechanisms of action of drugs on visual control of eye growth before they are ready to be clinically used. Norton and Rada (pp. 1271-1281) have studied the "output level". They clearly demonstrate that axial elongation during deprivation myopia in the tree shrew is achieved by a weakening of the cross-linkage of the collagen fibres in the sclera, a method very different from that in the chicken. They find that the levels of sulphated glucosaminoglycans and hydroxyprolines drop and that there is less proteoglycan in the myopic sclera in general. They conclude that the control of axial elongation in humans probably occurs via control of scleral resistance rather than by control of scleral growth as in chickens.
Since at least some of the studies on the mechanisms of myopia are aimed at the possibility of manipulating axial elongation pharmacologically, Mutti and Zadnik (pp. 1345-1352) have studied the question of who would possibly benefit from such treatment. Zadnik, Satarino, Mutti, Sholtz and Adams (1994) have shown that children with two myopic parents are more likely to by myopic than children with one or no myopic parent. Following this demonstration, Hui, Peck and Howland (pp. 1353-1358) have found that the most accurate prediction of children's manifest refractions from parental data is obtained when both hyperopic and myopic parents are included in the regression. Mutti and Zadnik have further analysed three predictors of child myopia (number of myopic parents, infant refraction, and school refraction) and have found that the predictive power of refraction at school age highest. They conclude, however, that at present none of the predictors has sufficient specificity and sensitivity to be satisfactory and to justify drug treatment in possibly future myopes. Whether or not progression of myopia that is already present can be arrested is a different topic.
